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The current research in graphene spintronics strives for achieving a long spin lifetime, and efficient
spin injection and detection in graphene. In this article, we review how hexagonal boron nitride
(hBN) has evolved as a crucial substrate, as an encapsulation layer, and as a tunnel barrier for
manipulation and control of spin lifetimes and spin injection/detection polarizations in graphene
spin valve devices. First, we give an overview of the challenges due to conventional SiO2 substrate for
spin transport in graphene followed by the progress made in hBN based graphene heterostructures.
Then we discuss in detail the shortcomings and developments in using conventional oxide tunnel
barriers for spin injection into graphene followed by introducing the recent advancements in using the
crystalline single/bi/tri-layer hBN tunnel barriers for an improved spin injection and detection which
also can facilitate two-terminal spin valve and Hanle measurements, at room temperature, and are of
technological importance. A special case of bias induced spin polarization of contacts with exfoliated
and chemical vapour deposition (CVD) grown hBN tunnel barriers is also discussed. Further, we give
our perspectives on utilizing graphene-hBN heterostructures for future developments in graphene
spintronics.
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I. INTRODUCTION
Spin injection, transport, and detection are three fun-
damental processes of spintronics, and their manipula-
tion and control are crucial for designing new type of
spintronic devices. Various materials have been investi-
gated to realize these processes for practical spintronic
applications. Graphene has found its place in spintron-
ics due to its favourable properties such as low spin-
orbit coupling and small hyperfine interactions1,2. Be-
sides, graphene offers a large carrier mobility and an
electrostatic-gate tunable carrier density from electrons
to holes. In the past decade, a huge amount of re-
search has been carried out in a direction of bringing
graphene’s predicted expectations to realize practical ap-
plications. Much of the effort has gone into finding so-
lutions to the key challenges in graphene spintronics in-
cluding, among many others, finding an effective tunnel
barrier for an efficient spin injection and detection, and
finding a clean environment for a long distance spin trans-
port in graphene. Along the way, the discovery of various
two-dimensional (2D) materials with distinctive physical
properties and the possibility of making van der Waals
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(vdW) heterostructures with graphene, has increased the
figure of merit of graphene spintronic devices. Especially,
recent findings of using hexagonal boron nitride (hBN)
as a substrate and as a tunnel barrier for graphene spin
valve devices has attracted a lot of attention.
In this review we present recent developments in spin
transport in graphene-hBN vdW heterostructures and
discuss the role of hBN as a gate dielectric substrate
and as a tunneling spin injection/detection barrier for
future graphene spintronic devices. We first focus on the
early research on graphene spin valves with conventional
SiO2 substrate, and discuss drawbacks of oxide dielectric
substrates. Then we give an account on the progress in
different techniques developed for fabricating graphene-
hBN heterostructures, and chronologically examine the
progress in hBN supported graphene spin valves. Next,
we describe the drawbacks of various oxide tunnel barri-
ers and discuss the recent emergence of atomically thin
layers of hBN as tunnel barriers for improved spin injec-
tion and detection in graphene. Finally, we share a few
interesting perspectives on the future of spintronics with
graphene-hBN heterostructures.
II. SPIN TRANSPORT MEASUREMENTS
Spin transport in graphene is usually studied in a
nonlocal four-terminal geometry, schematically shown in
Fig. 1(a). A charge current i is applied between C1-C2
contacts and a nonlocal voltage-drop v is measured across
C3-C4 contacts. Usually the nonlocal signal is defined in
terms of a nonlocal resistance Rnl = v/i. A non-zero spin
accumulation is created in graphene underneath C1 and
C2 due to a spin-polarized current through the ferromag-
netic (FM) electrodes entering into graphene and it dif-
fuses along both positive and negative x-directions. Ide-
ally the charge current is only present in the local part be-
tween C1-C2, therefore, the nonlocal voltage is only due
to the spin accumulation diffused outside the charge cur-
rent path. For spin transport measurements, one needs
at least two ferromagnetic electrodes. The outer elec-
trodes of C1 and C4 can also be nonmagnetic and serve
as reference electrodes. For simplicity of the measure-
ment data analysis, they can be designed far away from
the inner electrodes and do not contribute to the spin
transport.
For spin valve measurements, an in-plane magnetic
field By is applied along the y-direction [Fig. 1(a)]. Ini-
tially all the electrodes have their magnetization aligned
in the same direction. This configuration is called the
parallel (P) configuration. Then By is applied in the op-
posite direction. When the magnetization of a FM elec-
trode C2 or C3 reverses its direction there is a sharp
transition registered in v, and the magnetizations of
electrodes in C2-C3 become aligned in the anti-parallel
(AP) configuration with respect to each other. On fur-
ther increasing By, the second electrode also switches its
magnetization direction, and now again both electrodes
are aligned in P configuration. It completes the spin
valve measurement[Fig. 1(b)]. The difference between
the magnitude of nonlocal signal in P and AP state, i.e.,
∆Rnl = (R
P
nl−RAPnl )/2, is termed as nonlocal spin signal
or nonlocal magnetoresistance and appears due to the
diffusion of the spin-accumulation in the nonlocal part.
The presence of the spin accumulation is confirmed by
Hanle spin precession measurements[Figs. 1(c-e)]. Here,
a magnetic field Bz is applied perpendicular to the plane
of graphene. The spins injected via C2 in the x-y plane of
graphene precess around Bz and get dephased while dif-
fusing towards C3. The depahsing of the spins is seen in a
reduced ∆Rnl as a function of Bz. Spin transport param-
eters spin lifetime τs, spin diffusion constant Ds, and spin
relaxation length λs(=
√
Dsτs) are obtained by fitting the
Hanle data with the one-dimensional steady state solu-
tion to the Bloch equation: Ds52 ~µs− ~µs/τs+ ~ωL× ~µs = 0,
where ~µs is the spin accumulation, ~ωL =
gµBBz
h¯ is the
Larmor frequency with g=2, the Lande´ factor, µB, the
Bohr magneton, and h¯, the reduced Planck constant.
The values of τs and Ds obtained from the spin trans-
port measurements are often used for identifying the
spin relaxation mechanism in graphene3–6. There are
two possible mechanisms that are believed to cause spin
relaxation in graphene. One is the Elliott-Yafet (EY)
mechanism7,8 in which the electron spins relax via the
momentum scattering at impurities and τs is propor-
tional to the momentum relaxation time τp. The other
one is the D’Yakanov-Perel’ (DP) mechanism9 in which
the electron spins dephase in between the two scattering
events under the influence of local spin-orbit fields and
τs is inversely proportional to τp.
III. CHALLENGES DUE TO CONVENTIONAL
OXIDE SUBSTRATES
Due to the 2D nature of single layer graphene, its car-
rier density is confined within one atomic thickness, mak-
ing its surface extremely susceptible to the surroundings.
This sensitivity of graphene poses a big challenge to mea-
sure its intrinsic properties. On the other hand, at the
same time, the sensitivity is valuable for incorporating
physical properties via proximity effects that do not ex-
ist in pristine graphene in the first place10,11.
In order to make a field-effect transistor (FET), one
needs a dielectric environment. The presence of a sub-
strate is necessary to support graphene and to make it
useful for device applications. However, the environment
that comes with the substrate plays a crucial role in gov-
erning the electronic transport properties of graphene.
The ability to image the atomically thick regions of
graphene on a SiO2 surface using an optical microscope
led to the discovery of monolayer graphene12. Very soon
after the discovery, the pioneering work of spin transport
in graphene is reported by Tombros et al.,13 who first
demonstrated the electrical spin injection and detection
in the non-local four-terminal geometry over a microme-
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ter distance in a monolayer graphene on a SiO2/Si sub-
strate at room temperature[device A1 in Fig. 2]. It was
further proved by Hanle spin precession measurements
that the spin signal was indeed due to the transport of
electron spins in graphene.
The charge and spin transport characteristics of the
early reported graphene spin valve devices on SiO2 sub-
strate viz., mobility µ below 5000 cm2V−1s−1, spin life-
time τs below 500 ps, and spin relaxation length λs up
to 2 µm13,14, were few orders of magnitude lower than
the predicted values τs ≈ 1 µs and λs ≈ 100 µm1,2. Such
low values were believed to be due to extrinsic impurity
scattering introduced during the device preparation, and
the underlying SiO2 substrate. Similar experimental ob-
servations were reported subsequently14–18, and pointed
out that the charge impurities and adatoms on SiO2 sub-
strate are the possible sources of an enhanced spin scat-
tering in graphene.
The SiO2 substrate is shown to degrade the electronic
quality of graphene due to i)corrugations imparted by
its surface roughness, ii)scattering induced from impu-
rity charge traps in oxide,19,20 iii)surface phonons caus-
ing a weak temperature dependent spin relaxation21, and
iv)electron-hole puddles due to charge impurity disor-
der on the substrate22,23. These observations suggest
that, besides the impurities, the underlying SiO2 dielec-
tric substrate also affects the pristine charge and spin
transport properties of graphene.
Several attempts have been made to improve the
graphene spin valve device architecture for overcoming
the aforementioned challenges due to a SiO2 substrate.
An account of various device geometries developed over
the past decade is given in Fig. 2. In order to avoid impu-
rities and disorder coming from the underlying SiO2 sub-
strate, either it should be removed or replaced. One way
to completely remove the influence of the substrate is to
suspend graphene [device C2 in Fig. 2] which resulted in
a very high mobility (∼105 cm2V−1s−1) devices24. How-
ever, the suspended regions are subjected to ripples and
strain25, are very delicate, causing fabrication challenges.
Spin transport in these devices is limited by the poly-
mer supported regions of the suspended graphene result-
ing in τs ≈ 120 − 250 ps and λs ≈ 1.9 − 4.7 µm26,27.
Another way to overcome the imperfections of SiO2 is
to epitaxially grow the graphene directly on a substrate
such as SiC28,29[device C1 in Fig. 2]. However, the lo-
calized states present in SiC were found to influence
the spin diffusion transport through interlayer hopping
mechanisms30.
Over the past years few other substrates have also
been used for graphene spin valve devices to add
additional functionalities to graphene. These in-
clude, SrTiO3 (STO) substrate for an epitaxial growth
of highly spin polarized La0.67Sr0.33MnO3 (LSMO)
contacts on graphene31, Y3Fe2(FeO4)3 (YIG) sub-
strate as a magnetically proximity coupling ferromag-
netic insulator32,33, and recently used transition metal
dichalcogenide (TMDC) substrates to proximity induce
spin-orbit coupling in graphene34,35.
Among all the different substrates proposed for study-
ing spin transport in graphene, it was found that few
nanometer thick hBN can serve as an excellent dielec-
tric substrate to overcome some of the aforementioned
problems for improving the transport characteristics and
studying intrinsic properties of graphene. hBN belongs
to the 2D family of layered materials and is an isomorph
of graphite with similar hexagonal layered structure with
a small lattice mismatch36 of ∼ 1.8%. It is an insulator
with a wide bandgap37 ∼ 5.7 eV and can be exfoliated
from boron nitride crystals down to a monolayer38,39,
similar to graphene. In contrast to a SiO2 substrate,
the surface of hBN is atomically smooth, has low charge
inhomogeneities40, is chemically inert, free of dangling
bonds due to a strong in plane bonding of the hexag-
onal structure, and exerts less strain on graphene41.
Moreover, the dielectric properties42,43 of hBN includ-
ing dielectric constant ∼ 4 and breakdown voltage ∼ 1.2
Vnm−1, are comparable to SiO2, favour the use of hBN
as an alternative substrate without the loss of dielectric
functionality.
Indeed, among the 2D materials, hBN has demon-
strated to be an excellent dielectric substrate
for graphene field-effect transistors44–47 and spin
valves5,48–50, showing excellent charge and spin trans-
port characteristics where graphene on hBN showed
very high electronic quality with mobility reaching up
to ∼ 15,000-60,000 cm2V−1s−144,51[device B1 in Fig. 2]
and enhanced spin transport parameters: spin lifetime
τs ∼ 2-12.6 ns52 and spin relaxation length λs ∼ 12-36
µm49,50,52.
IV. FABRICATION: GRAPHENE-HBN
HETEROSRUCTURES
Various methods have been developed for transferring
graphene onto other 2D materials or substrates. These
methods can be classified into two types; methods that
require the growth of graphene directly on top of other
2D materials or substrates, and the methods that re-
quire the transfer of graphene from one substrate to
on top of the other 2D materials or substrates. The
former method is of considerable interest for industrial
demands and is still under developing stage for device
applications53–56. Latter methods have been developed
at laboratory scale and are currently in use for making
vdW heterostucture devices combining various 2D mate-
rials. Here we briefly review the progress in developing
the transfer methods[Fig. 2] for making graphene-hBN
vdW heterostructures for spin transport studies.
The possibility of transferring the exfoliated graphene
from a SiO2/Si substrate to other substrates was first
demonstrated by Reina et al.57. Whereas the first re-
ported 2D heterostructure device, graphene field-effect
transistor on hBN, was fabricated by Dean et al.44 by
transferring an exfoliated graphene flake onto an ex-
AUTHOR SUBMITTED MANUSCRIPT - draft 4
foliated hBN flake. This method involves the exfoli-
ation of graphene onto a polymer stack, polymethyl-
methacrylate (PMMA)/water-soluble-layer(aquaSAVE),
followed by dissolving of the water soluble layer in DI
water bath before transferring onto a hBN substrate, and
thus referred as “polymer transfer method”. To achieve
high quality of graphene, it is important to protect its
surface from coming in a contact with any solvent. There-
fore, the same authors44 later improved this method to
avoid any possible contact with water by replacing the
water-soluble-layer with a polyvinyl chloride (PVC) layer
which allowed to peel off the PMMA layer without the
need to expose graphene/PMMA to water and thereby
achieving a fully “dry transfer method”58. In a dry trans-
fer method, the interfaces, except the top surface, do not
come in a contact with the lithography polymers or any
solvents used during the device preparation. However,
the polymer contact with a graphene or hBN flake leaves
residues which need to be removed by a thermal anneal-
ing step, typically in an intert Ar/H2 atmosphere at 300
◦C44 or in Ar/O2 at 500 ◦C59 for few hours.
In order to prepare the multilayer (>2 layer) het-
erostructures, a layer-by-layer transfer method60 was
proposed which is equivalent to repeating the dry transfer
step58 followed by an annealing step for transfer of each
layer. This layer-by-layer stacking method in principle
lacks the control over the crystallographic orientation of
the crystals. Moreover, it results in bubbles, wrinkles,
and leaves some unavoidable adsorbates at the interfaces
of the staked layers which deteriorate the intrinsic quality
of the heterostructure. Even during the device fabrica-
tion process, the regions of graphene for metallization
get exposed to the lithography polymers and leave some
residues which are difficult to remove, resulting in a low
quality of electrode-graphene interfaces60,61.
The presence of bubbles and wrinkles in a hBN-
graphene-hBN heterostructure device62 limits the mobil-
ity of the graphene flake63. The problems with folds and
bubbles in graphene on hBN can be reduced by using a
transfer technique with the aid of an optical mask, de-
veloped by Zomer et al.51, using which only up to 5%
region of the transferred graphene flakes showed bub-
bles or wrinkles. The spin valve devices prepared using
this method5 showed an enhanced charge-carrier diffu-
sion with mobilities up to 40,000 cm2V−1s−1 and spin
transport signatures over lengths up to 20 µm. This
method requires the exfoliation of graphene onto a poly-
mer mask before transferring onto a targeted substrate.
This method was later tested by Leon et al.64 with a
slight modification, where the graphene flake on a poly-
mer coated substrate can be transferred onto a desired
location on another substrate. One drawback of these
methods51,64 is the difficulty in finding graphene flakes
exfoliated on the polymer layer. Moreover the pres-
ence of bubbles and wrinkles, due to multiple transfer-
annealing processes, in a graphene-hBN device62 limits
the graphene mobility63, and deteriorates the quality of
the electrode interface with graphene65,66.
For the assembly of multiple graphene and hBN het-
erostructures, without exposing the interfaces to poly-
mers and for minimizing the interfacial bubbles, Wang
et al.67 developed the “vdW transfer method” in which
one hBN flake on a polymer layer is used for picking
up other 2D materials on SiO2/Si substrates via van der
Waals interactions which is stronger between hBN and
graphene than that between graphene and SiO2, or hBN
and SiO2. The graphene channel region encapsulated be-
tween the top and bottom hBN flakes does not come in a
contact with any polymer, limiting the interfacial bubbles
and does not require the annealing step unlike previously
reported encapsulated graphene devices60,64. However,
this method is useful only for making 1D contacts along
the edges of graphene[device A4 in Fig. 2], and the 1D
ferromagnetic contacts68 are yet to be proved suitable
for making spintronic devices over the traditionally used
(2D) ferromagnetic tunnel contacts13,69. Moreover this
method is ineffective for picking up the graphene flakes
longer than the top-hBN flake on the polymer layer.
Later, Zomer et al.70 developed the “fast pick up
and transfer method” using which one can make high
quality, hBN-encapsulated graphene devices without any
size restrictions for a successive pick up of 2D crystals.
This method is successfully implemented to fabricate
hBN-encapsulated graphene spin valve devices which
have demonstrated a long spin lifetime up to 2 ns and
spin relaxation lengths exceeding 12 µm in monolayer
graphene49, and 24 µm in bilayer graphene50 at room
temperature. This method is also used for preparing fully
hBN encapsulated graphene spin valve devices69,71.
Over the past years few other pick-up and trans-
fer techniques have also been developed for making 2D
vdW heterostructures which can be used for prepar-
ing graphene spin valve devices depending on the de-
vice geometry and material type requirements. These
include “hot pick up technique” for batch assembly of
2D crystals72, “deterministic transfer” of 2D crystals by
all-dry viscoelastic stamping73, “dry PMMA transfer”
of flakes using a heating/cooling system for bubble-free
interfaces74, and the “dry-transfer technique combined
with thermal annealing”75.
V. HBN AS A DIELECTRIC SUBSTRATE FOR
GRAPHENE SPIN VALVES
Due to a smoother surface and less trapped charge im-
purities than a SiO2 substrate, a hBN substrate provides
an improved electronic quality for carrier transport in
graphene. The first reported charge transport character-
istics of graphene on a hBN substrate showed high mobil-
ity ≈ 140,000 cm2V−1s−1 which is typically more than an
order of magnitude higher than in graphene on SiO2, and
the charge neutrality point close to zero gate voltage44.
In addition, charge inhomogeneities in graphene are small
on a hBN substrate compared to a SiO2 substrate
40 and
are expected to affect the spin transport in graphene less
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severely.
The first graphene spin valves fabricated on a hBN
substrate by Zomer et al.5[Figs. 1(b)-1(c)] showed an
improved charge transport with high mobility ≈ 40,000
cm2V−1s−1 and an enhanced spin relaxation length up to
4.5 µm at room temperature. Moreover, the spin signals
over a long distance up to 20 µm were also detected. De-
spite increasing the mobility of graphene, there seemed
to be no significant effect of using a hBN substrate on
the spin relaxation time whose values are of the simi-
lar order of magnitude to that is observed using a SiO2
substrate13,14,16. A study of spin transport in graphene
with different mobilities conforms with these results76.
Therefore, it implies that there is no strong correlation
between the observed τs and the mobility of the graphene.
It also suggests that there is no major role of charge scat-
tering in modifying the spin relaxation time.
Even though the hBN substrate provides a smooth
and impurity free environment for the bottom surface of
graphene, the top surface gets exposed to the chemicals
from the device fabrication steps, similar to the devices
prepared on a SiO2 substrate
5. A possible dominant spin
relaxation source in this geometry[device A2 in Fig. 2] is
believed to be the spin scattering due to residues from the
polymer assisted fabrication steps77, and charge impuri-
ties and adatoms already present on graphene. Similar
spin relaxation times were observed in graphene on SiO2
and hBN substrates, which indicate that the substrate
and its roughness do not seem to drastically influence
the spin relaxation in graphene. It was also shown that
the EY and DP spin relaxation mechanisms play equally
important roles for causing spin dephasing in graphene
on hBN as well as in graphene on SiO2
5.
The polymer residues and other contaminations due to
the sample fabrication can be mechanically cleaned from
the graphene on hBN substrate by scanning an AFM tip
in contact-mode which brooms the impurities from the
graphene surface63,78. However, during this process fer-
romagnetic electrodes may get exposed to air and become
oxidized. In order to avoid the lithography residues on
a graphene spin transport channel, while still using the
conventional oxide tunnel barriers, two possible routes
have been explored over the years; one is the bottom-up
fabrication method48 and the other is the encapsulation
of graphene from both the top and bottom49,50.
The first route is to reverse the traditional top-
down device fabrication process by transferring a
hBN/graphene stack on top of the already deposited
oxide-barrier/FM electrods on a substrate, as demon-
strated by Dro¨geler et al.48 [device C3 in Fig. 2]. This
bottom-up approach serves two advantages. First, un-
like graphene spin valves prepared via the traditional
top-down approach on SiO2
13 or hBN5 substrates, in
this method graphene does not come in a direct con-
tact with the lithography polymer PMMA during the
device fabrication. Another advantage is that the fab-
rication procedure does not involve the direct growth of
oxide tunnel barriers on graphene which is believed to
cause an island growth and subsequent pinholes in the
barrier79, acting as spin dephasing centers. Instead here
the MgO barrier is grown epitaxially on cobalt80, giv-
ing a smoother surface81 for graphene to be transferred
directly on top. Due to a high quality interface of the bar-
rier with graphene and its lithography free environment,
the resulting mobility values exceed 20,000 cm2V−1s−1
and spin relaxation time up to 3.7 ns are achieved in
a trilayer graphene encapsulated by the hBN from the
top48.
Previously, bilayer graphene spin valve devices on SiO2
substrate17 showed the spin relaxation times up to 30 ps
for the mobility up to 8000 cm2V−1s−1, and up to 1
ns for the mobility as low as 300 cm2V−1s−1. Whereas
the spin lifetime of 3.7 ns reported by Dro¨geler et al.48
obtained for the devices with mobility of two orders of
magnitude higher, 20,000 cm2V−1s−1. The increase in
mobility of graphene in the bottom-up fabricated device
is attributed to the decoupling of graphene from the SiO2,
while the increase in the spin lifetime is attributed to an
improved graphene/MgO contact interface by transfer-
ring the graphene directly on to the pre-patterned tun-
neling electrodes48,81. Later it was discovered that while
fabricating a bottom-up device, the lithography solvents
can reach the graphene/MgO contacts region underneath
the top-hBN encapsulating flake52. The contaminations
coming from the solvent during the device fabrication
were found to play substantial role in influencing the spin
lifetime. Therefore, when a large-hBN flake was used to
avoid graphene from coming in a contact with the sol-
vent, contacts with similar RcA values resulted in a spin
lifetime of an order of magnitude higher52, up to 12.6
ns, compared to the previously reported bottom-up fab-
ricated device48[Fig. 1(e)]. These results indicate that
the lithographic impurities are the main limiting factor
for spin transport in graphene.
Another route to avoid the polymer contaminations on
graphene supported on a hBN is to protect graphene spin
transport channel by encapsulating it from the top with
a second hBN flake[device B2 in Fig. 2]. The top-hBN
encapsulation layer serves few advantages: (i)it protects
graphene transport channel from coming in a contact
with the lithography polymers or solvents49, (ii)it can
be used as a top-gate dielectric to tune the carrier den-
sity in the encapsulated graphene transport channel and
create p−n junctions69, and allow us to study spin trans-
port across the p − n junction69,82,83, and (iii)it creates
the possibility to electrically control the spin information
in graphene via Rashba SOC49.
Guimara˜es et al.49 fabricated a spin valve device in
which the central part of the graphene flake on a hBN
substrate is covered with a top-hBN flake[device B2 in
Fig. 2]. The encapsulated region showed a high electronic
quality with a large mobility up to 23,000 cm2V−1s−1
at 4 K, and resulted in an enhanced spin lifetime of
about 2 ns and spin relaxation length above 12 µm for
a monolayer-graphene, and up to 24 µm for a bilayer-
graphene50 [Fig. 1(d)] at room temperature. This is a
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combined effect of an improved carrier transport (Ds)
and spin relaxation time.
The top-hBN encapsulated graphene region shows a
higher τs of about 2 ns than in the nonecapsualted re-
gion of around 0.3 ns in the same device49. An enhanced
τs in the encapsulated region is attributed to the top-
hBN encapsulation which protects graphene from litho-
graphic polymer residues or other contaminations which
can otherwise introduce spin scattering, similar to the
case of bare graphene on hBN5. Morever, in this de-
vice geometry[device B2 in Fig. 2], the spin transport
channel also consists of nonencapsulated regions where
the graphene is exposed to the polymer residues on out-
side of the top-hBN, with mobilities and spin relaxation
times lower than the top-hBN encapsulated region49,50.
Such uneven doped graphene channel makes it difficult to
analyse the spin transport measurements in the central
region26,49,50,84 and requires complex modeling.
Further understanding about the influence of the poly-
mer residues on spin transport properties can be achieved
by reducing the size of the graphene regions exposed to
the polymer residues. Avsar et al.82 studied the role
of extrinsic polymer residues on the spin relaxation in
a bilayer-graphene encapsulated everywhere except un-
der the contacts by a pre-patterned thick top-hBN and a
bottom-hBN substrate[device B3 in Fig. 2]. The authors
reported nearly five times higher τs of ≈ 420 ps for the
hBN encapsulated regions compared to τs of ≈ 90 ps for
the non-encapsulated regions of the same device. It sug-
gests that the lithographic residues on the spin transport
channel have a significant effect on spin transport prop-
erties. The reported τs ≈ 90 ps for the non-encapsulated
graphene is comparable to that for bare graphene on
SiO2
13 and hBN5 substrates with similar mobilities. It
supports the conclusions of Zomer et al.5 that the impu-
rities, surface phonons, and roughness of the underlying
substrate are not the limiting factors of spin relaxation in
graphene. Therefore, low values of spin transport param-
eters can be attributed to the contact regions of graphene
that are exposed to polymers and the quality of the oxide
tunnel barrier interface with graphene.
One needs to find a way to avoid the polymer contami-
nations on graphene, even underneath the contacts. This
improves the tunnel barrier interface with graphene. In
principle, both can be achieved by fully encapsulating
the graphene spin transport channel from the top and
bottom, even before deposition of the ferromagnetic elec-
trodes. However, one of the encapsulating layers needs to
be of only few layers thick, so that it can also be used as
a tunnel barrier for electrical spin injection and detection
via the ferromagnetic electrodes. In fact, atomically thin
hBN was found to be a unique tunnel barrier for graphene
field-effect transistor devices45 in additional to its excel-
lent dielectric substrate properties. Moreover, the full
encapsulation of graphene with hBN by far has proved
to be effective for an efficient spin injection/detection in
graphene which will be discussed in Section VII.
VI. CHALLENGES DUE TO CONVENTIONAL
OXIDE TUNNEL BARRIERS
So far we have been discussing the effect of the quality
of graphene over its spin transport and the progressive
improvement by adapting various graphene-hBN het-
erostructure device geometries, viz., devices A1, A2, A4,
B1-B3, and C1-C3 in Fig. 2. Another factor, which is be-
lieved to be a major cause of spin relaxation in graphene,
that we have not discussed so far, is the spin relaxation
due to the ferromangetic tunneling spin injection and de-
tection contacts, and their interface with the underlying
graphene.
In a basic graphene spin valve device, a charge current
passing through a FM/graphene contact85–88 can create
a spin accumulation in graphene underneath the contact.
However, due to the well known conductivity-mismatch
problem89, in the presence of pinholes in these contacts
there is spin absorption and spin relaxation in the ferro-
magnetic electrodes, and the efficiency of the spin injec-
tion into graphene will be reduced90. The fundamental
problem of spin injection which is the conductiviy mis-
match problem, was first highlighted by Filip et al.89 for
spin injection into semiconductors, according to whom
comparable resistivities of the ferromagnetic metal elec-
trode and graphene lead to a negligible spin injection
polarization in graphene. The solution to this problem,
proposed by Rashba91, and Fert and Jaffre`s92, is to intro-
duce a high resistive tunnel barrier at the FM-graphene
interface which will limit the back flow of spins from
graphene into the FM, and avoid the contact induced
spin relaxation.
Signatures of nonlocal spin injection and de-
tection in graphene through transparent contacts
(FM/graphene) have been reported in early spin trans-
port investigations85–88. However the first experi-
mentally reported unambiguous nonlocal spin trans-
port via Hanle spin precession signals in graphene
spin valve devices was achieved by using Al2O3 tun-
nel barriers between the FM and graphene13 i.e.,
with FM/Al2O3/graphene tunneling contacts. Even
though the Hanle spin precession signal is achieved later
with the transparent contacts90, the spin injection effi-
ciency is highly limited by the conductivity mismatch
problem16,90,93. Morever the metrics for spin dephas-
ing in graphene, i.e., spin lifetime and spin relaxation
length, are far lower than the estimated values for intrin-
sic graphene1,94,95. These values are believed to suffer
from the combined effect of the quality of contacts, and
the interface of the barrier with graphene, besides the
impurities present in the transport channel.
Overall, the spin relaxation time in graphene is lim-
ited by the contacts in two ways. One way is through
spin absorption from graphene into FM electrodes due
to the conductivity mismatch problem89. This effect can
be quantified with the R-parameter16 of graphene where
R = RcRs with Rc, the contact resistance and Rs, the spin
resistance of graphene. Rs =
Rsqλs
W with the square re-
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sistance Rsq and width W of graphene. A low value of
R-parameter indicates a reduced efficiency of the spin in-
jection into graphene and a lower effective spin relaxation
time in graphene96. Even when there is no conductivity
mismatch problem, there is still an influence of contacts
on the spin transport properties. Another way to influ-
ence the spin relaxation time is through multiple contact-
related effects such as morphology of the tunnel barrier
interface with graphene, magnetostatic fringe fields from
ferromagnets97, spin-flip scattering at the nonuniform in-
terface between the barrier and graphene98–100 adn due
to amorphized graphene where the barrier is grown101,
and a complex interplay between ferromagnet d-orbitals
and graphene pi-orbitals102,103.
The quality of the ferromagnetic tunneling contact in-
terface with graphene plays an important role in deter-
mining the spin transport parameters. For instance, a
direct deposition of the barrier material on graphene sur-
face could deteriorate its surface and also lead to an is-
land like growth, inhomogeneities in its thickness which
could result in pinholes, and rough interface, all of which
potentially can act as spin dephasing sources104 at the
tunnel barrier-graphene interface.
Over the past years, much of the research is dedicated
to understand the potential sources of spin relaxation
in graphene with respect to contacts, especially the role
of oxide barriers. It has focused on two aspects of the
tunnel barriers. One is the material type, for example,
Al2O3, MgO, TiO2, and SrO. The other one is the growth
method, for example, electron beam evaporation, atomic
layer deposition (ALD), molecular beam epitaxy (MBE)
growth, and sputtering.
Several studies have revealed that, in case of oxide
barriers, besides the choice of the barrier material, the
method of evaporation or growth of the barrier is also
important to achieve an efficient spin injection. Al2O3
tunnel barriers grown by Tombros et al.13 involve the
deposition of Al by the electron beam evaporation at
first, followed by the oxidation procedure which likely
gives pinholes in the barrier as reported in subsequent re-
ports from the same group15,16. The pinholes eventually
provide a short circuit path between the FM electrode
and graphene. The spin lifetime is observed to be in-
creased with TiO2 barriers grown by electron beam evap-
oration which are believed to be smoother than Al2O3
barriers5,13. However, there has been no systematic in-
vestigation on the growth and quality of TiO2 barriers in
relation to the spin relaxation time in graphene.
Early results on spin injection with MgO barriers
grown by electron beam evaporation reported to show
pinholes caused by the high surface diffusivity of MgO
on graphene resulting in an island growth of MgO on the
graphene surface14,105. Dublak et al.101 showed that the
sputtering of MgO causes more damage to graphene lat-
tice by amorphization of carbon than the sputtering of
Al2O3. Whereas the MBE growth of MgO does not seem
to impact the quality of graphene17, and gives a rela-
tively pinhole free, uniform, and continuous MgO layer on
graphene106. Despite the presence of occasional pinholes
in these MgO barriers, Yang et al.17 reported long spin
relaxation times up to 2 ns in exfoliated bilayer graphene
on a SiO2 substrate. However, the tunneling character-
istics and spin injection efficiency of these contacts are
not discussed by the authors. A direct observation of
an increase in spin lifetime with an increase in contact
resistance-area product RcA of the MgO barrier contacts
indicates that the pinholes in the barrier contacts signifi-
cantly affect the spin relaxation in graphene underneath
the contacts102. Furthermore, by a successive oxygen
treatment, low-RcA MgO contacts with transparent re-
gions or pinholes can be successfully transformed into
high-RcA with a reduced pinhole density
103. The trans-
parent contacts show a linear I-V characteristics while
the tunneling contacts show a non-linear I-V character-
istics. Such behaviour of the contacts suggests that the
spin lifetime and spin injection efficiency are limited by
the presence of pinholes in the barrier.
An addition of Ti buffer layer between MgO and
graphene has shown to curb the mobility of surface atoms
and allow the growth of an atomically smooth layer of
MgO barrier by the MBE79. Indeed, TiO2 seeded MgO
barriers reported14 to show tunneling characteristics, re-
sulting in large spin polarizations up to 30% and long
spin relaxation times up to 500 ps, compared to then
previously reported transparent85–88,90 and pinhole16,93
contacts, indicating a reduction in spin relaxation due to
the improved quality of the tunneling contacts14. How-
ever there was not a good control achieved over the re-
producibility of high quality growth of TiO2 seeded MgO
tunnel barriers and it has been difficult to achieve a high
spin injection polarization consistently14.
For an efficient use of MgO barriers and to avoid the
contact growth directly on graphene, a new workaround
was introduced by Dro¨geler et al.48, called the bottom-up
fabrication, where MgO/Co contacts were first deposited
on a bare SiO2/Si substrate followed by transferring the
hBN/graphene stack on the top. In addition this geome-
try also blocks the polymer residues from coming in con-
tact with graphene at the barrier/graphene interface, and
resulted in a high spin relaxation time up to 3.7 ns in a
trilayer graphene. This performance was attributed to a
clean interface of the barrier with the graphene and high-
RcA of the contacts. Further improvement in the value of
spin lifetime52 up to 12.6 ns was achieved by blocking the
lithographic solvents from reaching to the contact regions
using a large top-hBN flake. These results imply that the
quality and direct growth of the oxide barrier, and the
polymer residues at the barrier-graphene interface play
an important role in spin dephasing in graphene, espe-
cially underneath the contacts.
Over the past years few other tunnel barriers have
also been used for graphene spin valve devices. These
include a pulsed laser deposition (PLD) growth of fer-
romagnetic oxide LSMO contacts for graphene on a
STO substrate31, ALD growth of diazonium salt seeded
HfO2 tunnel barrier for epitaxial graphene on SiC
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substrate107, thermal evaporation growth of yttrium-
oxide (Y-O) barrier for graphene on a SiO2 substrate
108,
MBE growth of SrO barriers for graphene on SiO2
substrate109–111, hydrogenated graphene barriers for
graphene on a SiO2 substrate
112, fluorinated graphene
for graphene on a SiO2 substrate
113, electron-beam in-
duced deposition of amorphous carbon interfacial layer
at the FM/graphene interface114, exfoliated33,69,71,115,116
and CVD grown6,117,118 hBN barriers for graphene on
SiO2, hBN, and YIG substrates, and exfoliated-TMDC
barrier119 for graphene on a SiO2 substrate.
The aforementioned works highlight the importance
of growing a tunnel barrier that is atomically flat, ho-
mogeneously covered on graphene with a uniform thick-
ness, free from pinholes, devoid of conductivity mismatch
problem, and efficient in injection and detection of spin
polarization in graphene. Among all the different tun-
nel barriers or interfacial layers proposed for studying
spin injection in graphene, it was found that a thin layer
of atomically flat hBN with a similar lattice structure
to graphene can serve as an excellent tunnel barrier to
overcome the aforementioned challenges69,71,115.
VII. HBN AS A TUNNEL BARRIER FOR SPIN
INJECTION AND DETECTION IN GRAPHENE
The promising nature of hBN as a tunnel barrier is re-
vealed from the conductive AFM measurements of elec-
tron tunneling through thin layers of hBN120, where it
was shown that mono, bi, and tri-layers of exfoliated-
hBN exhibit homogeneous insulating behaviour without
any charged impurities and defects. Furthermore the
breakdown voltage of hBN was found to increase with
the number of layers120, and the estimated dielectric
breakdown strength was found to be43,120–123 ∼ 0.8-1.2
Vnm−1. These results were further confirmed by Brit-
nell et al.121, who demonstrated that the hBN/graphene
interface resistance increases exponentially with the num-
ber of hBN layers and the tunneling characteristics show
a nonlinear I-V behaviour. These results demonstrate the
potential of hBN to be used as an atomically thin, ultra
smooth, and pinhole free tunnel barrier for tunneling spin
injection into graphene.
First-principle calcualtions estimate that the efficiency
of spin injection in Ni/hBN/graphene heterostructures
can be achieved up to 100% with increasing the number
of hBN layers124. Yamaguchi et al.115 were the first to
experimentally show the electrical spin injection and de-
tection through a monolayer hBN tunnel barrier in a bi-
layer graphene. Besides the small hBN crystalline flakes,
the efforts on using chemical vapour deposition (CVD)
grown large-area hBN as a tunnel barrier for spin valve
effect117,118,125,126 and MTJs127–129 strengthened the po-
tential of hBN in spintronics.
A. Spin transport in fully hBN encapsulated
graphene
Early attempts to study the spin transport in hBN
encapsulated graphene49,50[device B2 in Fig. 2] resulted
in an improved spin relaxation length up to 12 µm and
spin lifetime up to 2 ns. Note however that these val-
ues correspond to the intrinsic values of the graphene in
the hBN encapsulated region, but the effective spin re-
laxation time of the spin transport channel is reduced
by the non-encapsulated regions26,49,50,84. It indicates
that, perhaps, a complete encapsulation of graphene will
improve the spin transport, and provide access to the di-
rect measurement of intrinsic spintronic properties of the
encapsulated graphene.
Fully encapsulated graphene with various thick 2D ma-
terials has been studied for charge transport character-
istics however with 1D or quasi-1D contacts67,130. The
potential of 1D FM edge contacts[device A4 in Fig. 2] is
only recently started to be explored68 for spin transport
studies and these contacts are yet to be proved viable for
the efficient spin injection/detection in graphene.
In order to protect graphene from the surroundings
with a full encapsulation while still to be able to probe
the electrical spin transport phenomenon in graphene
using the conventional contact geometry, an atomically
thin layer of hBN can be used as a top encapsulation
layer[device A3 in Fig. 2]. The thin-hBN layer can serve
two purposes in this device geometry; as an encapsulation
layer to protect the graphene channel from the lithogra-
phy impurities, and as a tunnel barrier for the electrical
spin injection and detection in graphene via ferromag-
netic electrodes.
B. Monolayer-hBN tunnel barrier
As discussed in Section VI, several experiments suggest
that one of the important factors limiting the spin trans-
port in graphene is the quality of tunnel barrier interface
with graphene, and this issue can be addressed using a
single layer hBN tunnel barrier in place of a conventional
oxide barrier. The first proof of an electrical spin injec-
tion and detection through one atom thick hBN tunnel
barrier was given by Yamaguchi et al.115.
Additionally, the same hBN tunnel barrier layer can be
used for protecting the graphene spin transport channel
from coming in contact with the lithographic impurities.
Gurram et al.69 reported spin transport in a new lateral
spin valve device geometry[device A3 in Fig. 2], where the
graphene is fully encapsulated between two hBN flakes to
overcome the challenges due to the substrate, the tunnel
barrier, and the inhomogeneity that can be introduced
during the sample preparation. In this device geometry,
the charge mobility values (≈ 8200-11800 cm2V−1s−1)
lie close to each other for different regions of the encap-
sulated graphene, implying a uniform carrier transport
across the graphene flake. Moreover, the spin transport
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measurements resulted in consistent spin relaxation pa-
rameters which do not differ much for different regions
of the encapsulated graphene in the same device. Such
homogeneity is difficult to achieve in the partially hBN-
encapsulated graphene device49,50,84 with oxide barriers.
Ferromagnetic tunnel contacts with low value of RcA
indicate the transparent nature of the barriers, gener-
ally attributed to the presence of pinholes96. Such be-
haviour is commonly observed with conventional oxide
tunnel barriers and, as discussed before, is detrimental
to the efficient spin injection due to a possibility of back-
flow of the injected spins96,131–133. Similar low values of
RcA were also observed for ferromagnetic tunnel contacts
with monolayer-exfoliated-hBN tunnel barriers69,115,116.
Low-RcA contacts with conventional oxide tunnel bar-
riers are reported to show spin transport across only a
small length scale due to spin absorption via pinholes
in the contacts96. Whereas, a fully hBN encapsulated
graphene spin valve device reported by Gurram et al.69
showed a long distance spin transport in the monolayer-
hBN encapsulated graphene channel of length 12.5 µm,
having multiple low-RcA contacts
69 along the spin trans-
port channel. Therefore, the long distance spin transport
in graphene, inspite of having multiple low-RcA contacts,
is attributed to the combined effect of pinhole free nature
of the monolayer-hBN barrier and a clean hBN/graphene
interface69.
Even after fully encapsulating the graphene from the
top with a monolayer-hBN and bottom with a thick-hBN,
τs of graphene is still lower than 400 ps
69,115 which is
comparable to graphene on SiO2 or hBN
5, and spin po-
larization is lower than 2% which is comparable to the
values obtained with conventional oxide barriers104. The
limited values of the spin transport parameters are due
to the combined effect of i)low-RcA values of FM/1L-
hBN/graphene contacts resulting in a low spin injection
polarization, and the ii)proximity of polymer residues
only one layer away from graphene that could lead to
spin scattering in graphene resulting in a low spin relax-
ation time. In conclusion, monolayer-hBN demonstrates
a pinhole free nature for tunneling injection of spin cur-
rent, and potentially increasing the thickness of hBN tun-
nel barrier can solve the problems due to the conduc-
tivity mismatch problem and the proximity of polymer
residues.
C. Bilayer-hBN tunnel barrier
According to Britnell et al.121, RcA of contacts can
be increased by increasing the number of layers of hBN
tunnel barrier which can overcome the conductivity mis-
match problem. By doing so, it is also estimated that the
spin polarization can be achieved up to 100%124. Indeed,
it was demonstrated by Singh et al.116 that a bilayer-
hBN is a better choice for hBN tunnel barrier than a
monolayer-hBN in order to achieve longer spin lifetimes
exceeding nanoseconds in graphene and higher spin in-
jection polarization values.
Biasing ferromagnetic tunneling contacts for spin in-
jection in graphene was predicted to show a rich physics
in terms of studying spin injection in to graphene in
the presence of electric field, and potentially inducing
magnetic proximity exchange splitting in graphene134,135.
In a recent experiment, Gurram et al.71 showed that
an unprecedented enhancement of spin polarization can
be achieved by biasing the injector or detector con-
tacts with bilayer-hBN tunnel barriers. The authors71
reported that application of bias across FM/bilayer-
hBN/graphene/hBN contacts[Fig. 5(a)] would result in
surprisingly large values of differential spin injection and
detection polarizations up to ±100%, and a unique sign
inversion of spin polarizations near zero bias. Moreover,
unbiased spin polarizations of contacts were found to be
both positive and negative[see Fig. 6].
The large values of spin injection and detection po-
larizations were further harnessed to demonstrate a two-
terminal spin-valve71 with a record magnitude of the in-
verted differential spin signals up to 800 Ω and magne-
toresistance ratio up to 2.7%[Fig. 8(a)]. Since the back-
ground resistance can be reduced by increasing the con-
tact width, the two-terminal magnetoresistance signals
can be improved even further and the spin accumula-
tion underneath the contacts can be enhanced, in princi-
ple, beyond the room-temperature thermal energy, kBT ,
which would open up a completely new regime to study
the spin transport in graphene136, and is desirable for
practical spin based information storage and processing
technologies such as spin-transfer torque magnetic ran-
dom access memory(STT-MRAM) devices137. These re-
sults indicate the uniqueness of bilayer-hBN tunnel bar-
riers for achieving the unprecedented large spin-injection
and detection polarizations in graphene[Figs. 5(a,d,g)
and Fig. 6]. A proper theoretical formulation to explain
the possible physical mechanisms causing this behaviour
is still required.
Even though the top-layer of thin(1-2L) hBN tunnel
barrier in a fully hBN encapsulated graphene spin valve
devices69,71 acts as an encapsulation layer, the result-
ing charge and spin transport properties are not optimal.
This is particularly due to a very thin (∼ 0.3-0.7 nm) top-
layer of single or bilayer-hBN tunnel barrier which might
not provide sufficient encapsulation for graphene, possi-
bly due to poor screening of the polymer contaminations
on the top-surface.
An interesting study of spin relaxation in graphene
with mono and bilayer of hBN encapsulating tunnel bar-
rier is reported by Singh et al.116. The authors report
τs above 1 ns for bilayer-hBN encapsulation while it is
below 0.6 ns for monolayer encapsulation. These obser-
vations indicate that the influence of the lithography im-
purities present on the top-surface of hBN over the spin
transport in graphene is strongly screened by the bilayer
than the monolayer. Also, the contact induced relax-
ation is expectedly lower with the bilayer-hBN barrier
due to its higher RcA. The addition of a bottom-hBN
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substrate to screen the charge impurities from the bot-
tom SiO2 substrate could improve mobilities and lead
to large spin relaxation lengths5. Such a device geome-
try is considered by Gurram et al.69,71 who reported τs
around 0.2 ns, 0.9 ns, and 1.3 ns with mono69, bi71, and
tri-layers138 of hBN tunnel barrier top encapsulation, re-
spectively. From these reports it seems that increasing
the thickness of the top encapsulated tunnel barrier can
enhance the screening of the contaminations and improve
τs of the encapsulated graphene. However, the bias de-
pendence of the spin polarization is different for different
thickness of the hBN tunnel barrier71,138 and needs to be
understood via a proper theoretical framework.
D. Two-terminal spin valve and Hanle signals
Two-terminal spin injection and detection in a lateral
spin valve device geometry is technologically more rele-
vant than the four-terminal spin valve geometry. Usu-
ally, it is difficult to measure the spin dependent sig-
nals in a two-terminal geometry either due to the pres-
ence of a large charge current dependent background
signals or due to the low efficiency of the spin injec-
tor and detector contacts. The first two-terminal spin
transport signlas in graphene was reported with trans-
parent permalloy contacts85 followed by three other stud-
ies reported with MgO tunnel barrier105 and Al2O3 tun-
nel barriers13,29. However, the magnetoresistance effects
could mimic these spin valve signals in the local mea-
surement configuration. Moreover, none of these studies
showed an evidence of unambiguous signature of the spin
transport in the two-terminal configuration via Hanle
spin precession measurements13.
The bias-induced spin injection and detection polar-
izations of bilayer-hBN tunnel barrier contacts71 are
large enough[Fig. 6] to be able to detect spin trans-
port in the two-terminal configuration. Since the two
contacts with bilayer-hBN tunnel barrier in the two-
terminal geometry are biased with opposite polarity, the
authors71 reported an inverted differential spin valve sig-
nal[Fig. 8(a)]. Moreover, interestingly, the authors ob-
served an unambiguous evidence of spin transport in the
two-terminal measurement geometry via Hanle spin pre-
cession measurements using the bilayer-hBN tunnel bar-
rier contacts138[Fig. 8(b)]. This is the first demonstration
of two-terminal Hanle signal and signifies the potential
of bilayer-hBN barrier for realization of practical two-
terminal spin valve devices for future spintronics appli-
cations.
E. CVD-hBN tunnel barrier
So far, we have discussed the spin transport in
devices fabricated using only exfoliated single crys-
talline flakes of graphene and hBN. For commercial
applications, one needs to grow these materials on
a large scale using the chemical vapour deposition
(CVD) technology. Recently, the potential of CVD
grown 2D materials has been explored for the pro-
duction of spintronics devices6,117,129,139,140. Several
studies have shown an increased interest in incorpo-
rating CVD grown hBN tunnel barriers for electrical
spin injection into both CVD-graphene125 and exfoliated-
graphene6,117,118,126 spin valve devices.
An early demonstration of the electrical injection
of spin current using a monolayer-CVD-hBN tunnel
barrier was found to be inefficient117,125 due to its
low-RcA value leading to the spin conductivity mis-
match problem96, similar to monolayer-exfoliated-hBN
barrier69,115,116. Since the RcA increases exponentially
with the number of layers121, using a bilayer or trilayer-
CVD-hBN is a viable option for a higher tunneling spin
injection efficiency as estimated by Wu et al.124. Ka-
malakar et al.117,118 used high-RcA contacts, with inho-
mogeneously grown thick(1-3)-layer CVD-hBN barriers,
for the first time, to show an order of magnitude higher
spin polarization ≈ 65% compared to then reported re-
sults with oxide barriers10,104 and monolayer-exfoliated-
hBN barriers69,115.
Many reports on spin transport studies in graphene
with CVD-hBN tunnel barriers incorporated a bare
SiO2/Si substrate
117,118,125,126. Even though an hBN
substrate has not been reported to enhance the spin
relaxation times in graphene compared to graphene on
SiO2/Si substrate
5, it can increase the diffusion con-
stant Ds and thus spin relaxation length λs (=
√
Dsτs).
However, a controlled and direct growth of bilayer or
multilayer(> 1 layer) CVD-hBN is difficult141. Gurram
et al.6 studied the electrical spin injection and detection
in graphene on a thick-exfoliated-hBN substrate using
a layer-by-layer-stacked two-layer-CVD-hBN tunnel bar-
rier contacts[device A3 in Fig. 2], where the mobility of
graphene was found be below 3400 cm2V−1s−1 and the
spin relaxation time lower than 400 ps. A two-layer-
CVD-hBN is different from a bilayer-CVD-hBN in two
ways. First, the former is layer-by-layer stacked using
two individual monolayers while the latter is as-grown.
Second, the former does not guarantee a crystallographic
alignment of the two layers while the latter is single crys-
talline. Therefore, such low values of spin transport pa-
rameters point to the utmost importance of a clean trans-
fer process using CVD material and the crystallographic
orientation of the two layers of hBN tunnel barrier.
The bias-dependent differential spin injection polariza-
tion pin for high-RcA contacts with two-layer-stacked-
CVD-hBN tunnel barriers6 was found to be different from
the bilayer-hBN barrier71 in two ways. First, there is no
change in sign of pin within the applied DC bias range
of ±0.3 V[Fig. 5(i)]. Second, the magnitude of the pin
increases only at higher negative bias close to -0.3 V.
This behaviour marks the different nature of the bilayer-
exfoliated-hBN71 and two-layer-CVD-hBN6 tunnel bar-
riers with respect to the spin injection process.
In conclusion, CVD hBN tunnel barriers have shown
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high spin polarization values, and therefore, can be used
as potential tunnel barriers sought for efficient spin injec-
tion/detection. However, the performance of the CVD-
hBN based devices is limited due to the inhomogeneous
growth of CVD-hBN and the device fabrication process.
A controlled growth of bilayer CVD tunnel barriers, com-
bined with the dry-transfer process142 will be promising
for batch production of high performance graphene-hBN
spintronic devices.
F. Spin relaxation
Theoretically, Tuan et al.22 studied the spin dynamics
and relaxation in clean graphene to understand the ef-
fect of substrate induced charge inhomogeneities such as
electron-hole puddles on the spin relaxation mechanism.
The authors numerically demonstrate a crossover from
DP type spin relaxation for graphene on SiO2 substrate
to a broadening-induced spin relaxation for graphene-on-
hBN substrate. Experimentally, Zomer et al.5 studied
the spin relaxation in relation to the quality of graphene
on hBN device which is contaminated with the poly-
mer residues on the top-surface of graphene[Fig. 7(a)].
The authors5 show that the spin transport data is best
described by a combination of EY and DP spin relax-
ation mechanisms with equal contributions, indicating
that neither of these mechanisms dominate the spin re-
laxation in graphene on hBN in the presence of polymer
residues.
Despite finding a suitable device geometry[device A3
in Fig. 2] to enhance the differential spin injection effi-
ciency up to 100% in a fully hBN encapsulated graphene,
the spin lifetime obtained only up to 0.9-1.86 ns with
bilayer hBN tunnel barrier71,116 and up to 1.3 ns with
trilayer hBN barrier138 [Fig. 4], still smaller by two or-
ders of magnitude than the predicted value for pristine
graphene1,2. This might be due to the poor screening
of lithography residues by thin-hBN tunnel barrier layer
which may contribute to the spin dephasing in graphene.
VIII. FUTURE PERSPECTIVES
A. Device geometries
A possible solution to reduce the influence of the
residues on top-surface of the thin (1-3 layer) hBN tun-
nel barrier on the spin relaxation in graphene[device A3
in Fig. 2] is to use the following two device geometer-
ies for probing the spin transport in graphene: i) device
B4 in Fig. 2 where a pre-patterned thick hBN layer on
top of the hBN tunnel barrier acts as a protection layer
from the lithographic residuals, except for the electrode
deposition regions, and ii) device A4 in Fig. 2 with 1D
FM edge contacts which completely keeps the residues
away from graphene by fully encapsulating with thick
hBN layers. There has been only one report showing the
possibility of spin injection through 1D FM contacts68
and these contacts are yet to be proved viable for effi-
cient spin injection and detection.
B. Spin filtering across hBN/graphene interface
Spin filtering is technologically attractive as it gives ef-
ficient spin injection with only one type of spin polarized
carrier transport. Spin filtering across a 2D material was
first theoretically proposed by Karpan et al.143,144, who
predicted that graphene or graphite on lattice matched
surfaces of nickel or cobalt behaves like a half-metal and
can be used to inject 100% spin polarized current in to
nonmagnetic conductors. Rather low values of magne-
toresistance were found experimentally due to disorder
at FM/graphene interface145–148. Thereafter, it was pre-
dicted that due to almost perfectly matched in-plane
lattice constants of graphene and hBN, a FM/fewlayer-
graphene/hBN junction can act as an ideal spin filter
with an increased RcA product
149–151, which is essential
for avoiding the conductivity mismatch problem for effi-
cient spin injection in graphene152. Along this direction,
first principles calculations by Wu et al.124 predicted that
the FM/hBN/graphene junction allows only one type of
spin to tunnel and results in an increase of injection cur-
rent spin polarization up to 100% with the increase in
the number of hBN layers up to three layers.
Recent experimental results on lateral spin valve de-
vices with a thick (2-3 layers) and high resistive CVD-
hBN tunnel barriers118 showed a very large and inverted
spin polarization in graphene which was attributed to the
spin-filtering processes across the Co/thick-layer-CVD-
hBN/graphene tunnel contacts. On the other hand, the
results with Co/exfoliated-bilayer-hBN/graphene tunnel
contacts71 showed an enhanced differential spin injec-
tion/detection polarizations up to 100% as a function
of bias and a sign reversal of the polarization close to
zero bias. These results indicate that the graphene/hBN
heterostructures provide a platform to explore the possi-
bility of spin filtering in depth.
C. Spin gating
Electrical manipulation of charge current in graphene
is possible due to Coulomb interactions and is commonly
achieved via electrostatic (charge) gating, for example,
in field-effect transistors12,45, single-electron tunneling
transistors153,154, and quantum dots155. A similar anal-
ogy can be applied for the manipulation of the spin accu-
mulation in graphene, due to spin-orbit coupling (SOC),
called, “spin gating”156. Eventually, one can realize de-
vices like Datta Das spin transistor157 where spins in
graphene can be controlled using the electrical gating ap-
plication.
Pristine graphene is non-magnetic158 and has a small
SOC94 which makes it difficult for spin gating the
AUTHOR SUBMITTED MANUSCRIPT - draft 12
graphene, and for having an electrical control over the
spins in graphene. One mechanism to introduce spin gat-
ing in graphene is via Rashba spin-orbit field which can
be created by the application of top and bottom gate
voltages in hBN-graphene-hBN heterostructure, as re-
ported by Guimara˜es et al.49[device B2 in Fig. 2]. The
modulation of spin-orbit strength created in the hBN-
encapsulated part of graphene can be used to manipulate
the spin polarized currents.
D. Spin drift
Spin transport in graphene has been widely studied
in terms of the diffusion of the spin accumulation. In
general, the diffusion process equally distributes the spin
accumulation in every direction, allowing only a frac-
tion of the injected spins reaching the detector located
away from the injector. Spin transport experiments in
graphene have been performed in narrow (typical width
∼ 1-5 µm) transport channels, and analysed by assuming
a uniform spin injection along the width of the graphene
and thus restricting the spin diffusion to one dimension,
along the length of the graphene. Even then, the spin
accumulation diffuses in either side of the injector, re-
sulting in only 50% of the injected spin directed towards
a detector. Moreover, the process of spin diffusion is slow
which limits the range of distances over which the spin
information can be transferred.
On the other hand, application of a DC bias across
the spin transport channel creates a drift induced
transport of spin accumulation which is unidirectional
along(opposite to) the direction of electric field ~E for
holes(electrons), and allows for a long distance spin de-
tection. The drift velocity ~v is proportional to the
mobility µ of carriers, ~v = µ~E. Since the graphene
encapsulated between top and bottom thick-hBN di-
electrics has been reported to show high mobility44,60,
the heterostructures of graphene-hBN are attractive for
spin drift experiments. The first experimental proof of
spin drift in graphene was provided by Jo´zsa et al.159,
whose results were constrained by the lower mobility
of graphene on SiO2 substrate [device A1 in Fig. 2].
Whereas recent spin drift experiments reported by Ingla-
Ayn´es et al.84 using a thick-hBN encapsulated high-
mobility bilayer-graphene spin transport channel [device
B2 in Fig. 2] resulted in a strong modulation of the
spin relaxation length up to 90 µm, and an effective
steering of the spin accumulation with up to 88% effi-
ciency[Fig. 7(b)], which is predicted to reach 100% in a
fully hBN encapsulated graphene. Such an efficient con-
trol over directionality of spin current and long distance
spin transport is enabled by the high-mobility of hBN
encapsulated graphene devices. Moreover, considering a
device geometry [e.g., B4 in Fig. 2], which combines the
high mobility graphene [e.g., device A2 in Fig. 2] with
a large spin injection/detection polarized contacts [e.g.,
device A3 in Fig. 2] is highly attractive for applications
in more complex spin based logic devices.
E. Proximity effects
Recent theoretical studies134,135 shed light on the po-
tential of inducing magnetic exchange interactions via the
electrostatic gating in cobalt/(1-4 layer)hBN/graphene
heterostructures. First-principle calculations135 showed
that by tuning the external electric field, the sign of
the proximity induced equilibrium spin polarization in
graphene can be reversed. It was also predicted134
that even a very thin layer of hBN can be used as a
gate dielectric, and by tuning the gate electric field in
cobalt/hBN/graphene structure, both the sign and mag-
nitude of the induced magnetization in graphene can be
changed. These two studies are relevant to the hBN tun-
nel barrier encapsulated graphene spin valve device ge-
ometry[devices A3, B4 and C4 in Fig. 2] reported in the
recent study71, however, there is no effect on the shape
of the Hanle spin precession signals32,33. Therefore, fur-
ther investigation is needed to understand these results
and also to elucidate the effect of the sign of the charge
carriers, i.e., electrons or holes. Interestingly, a recent
experimental study160 revealed a possibility of inducing
spin splitting states in graphene by bringing in proximity
to a ferromagnet.
F. Large-scale devices
Growth of spintronic materials using the CVD pro-
cess is a promising route for large-scale spintronic ap-
plications. The recently reported large magnitude of
spin injection polarization up to 15% at -0.2 V bias us-
ing contacts with two-layer-stacked-CVD-hBN barriers6,
and up to 65% using thick(1-3L)-layer-CVD-hBN tunnel
barriers118 indicates the promising nature of CVD-hBN
for large-scale spintronics applications. However, in or-
der to establish the role of CVD based graphene and
hBN in spintronics, it is important to prepare graphene-
hBN heterostructures without hampering their quality.
For this, a recently proposed dry-transfer technique for
CVD grown materials140 could be adopted to greatly im-
prove the quality of graphene-hBN spintronics devices.
Futhermore, a controlled growth of bilayer-CVD-hBN141
followed by its dry transfer on top of a recently obtained
high-quality CVD-graphene142 could help to progress the
role of CVD grown materials6 for practical spintronics
devices. Moreover, a direct growth of hBN on graphene
could solve the quality problems6 with the conventional
polymer based wet transfer method161.
IX. CONCLUSIONS
A decade since the first reported non-local spin
transport and spin precession in graphene field-effect
AUTHOR SUBMITTED MANUSCRIPT - draft 13
transistor13, the spintronics research has been fo-
cused on improving the spin transport parameters viz.,
large spin relaxation time by bottom-up hBN/graphene
structures48,52, long spin relaxation length by the spin
drift effect in the hBN encapsulated graphene84, and
an efficient spin injection/detection polarization up to
100% by external bias across cobalt/2L-hBN/graphene
contacts71. Besdies, there is still a need to clarify the de-
bate about which of the EY, DP, and resonant scattering
mechanisms cause the spin relaxation in graphene104,162.
Since the influence of surroundings is minimal in a fully
hBN encapsulated graphene heterostructure, it provides
a perfect platform to demystify the intrinsic spin relax-
ation mechanism in graphene52,133,163.
Furthermore, the sensitivity of graphene can be ex-
ploited in studying the proximity effects by integrating
with other 2D materials. The recent emergence of num-
ber of publications in the literature on the proximity
studies speaks for its importance. Magnetic proximity
effects can be studied in graphene in proximity with 2D
ferromagnetic materials such as CrI3
164, Cr2Ge2Te6,
165
and MnSe2
166. In future, it would be interesting to
demonstrate a graphene spin valve heterostructure com-
pletely made out of 2D materials. For example, CrI3/(1-
3L)hBN/graphene/thick-hBN where CrI3 acts as a 2D
ferromagnetic source for inducing spin accumulation in
graphene, 1-3L hBN acts as a 2D tunnel barrier, and
thick-hBN acts as a bottom substrate. Besides, the
proximity of a TMDC to induce spin-orbit coupling
in graphene will add new functionalities to spintronic
devices35,119,167–169.
In conclusion, graphene/hBN heterostructures have
been the stepping stone in revolutionizing and redefin-
ing the research of spin transport in graphene, en-
abling an order of magnitude improvement in the spin-
injection/detection and transport parameters. The ob-
tained results are quite promising, and with the avail-
able technology and understanding, and by adapting new
device geometries proposed in this review, the figure of
merit of the graphene spintronic devices can be improved
further.
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FIG. 1: Four-terminal non-local characterization of spin transport in hBN dielectric based graphene
spin valve devices. (a) Schematic of a four-terminal non-local measurement geometry used for spin valve and
Hanle spin precession measurements. An AC current i is sourced across a pair of injector contacts and a voltage v is
measured across another pair of detector contacts. (b) Non-local spin valve signal Rnl measured for graphene on
hBN substrate5 [device B1 in Fig. 2] as a function of the magnetic field By applied along the easy axes of the
ferromagnetic cobalt electrodes. Magnetization switching of three out of four contacts is denoted by A, B, and C.
Hanle spin precession signals Rnl(Bz) measured as a function of the magnetic field Bz applied perpendicular to the
plane of the spin injection are shown in (c) for graphene on a hBN substrate5 [device B1 in Fig. 2], (d) for graphene
encapsulated from the top and the bottom by thick-hBN dielectric50 [device B2 in Fig. 2], and (e) for graphene in a
bottom-up fabricated device with a large-area top-hBN substrate52 [device C3 in Fig. 2]. Figures (b) and (c) are
reproduced with permission from Ref.5, ©2012 American Physical Society; (d) from Ref.50, ©2015 American
Physical Society; and (e) from Ref.52, ©2016 American Chemical Society.
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FIG. 2: Progress in device architecture towards graphene-hBN heterostructures for probing the
electrical spin transport in graphene. All device geometries are divided into three categories, indicated by
three arrows. Spin injection and detection polarizations enhanced with atomically thin hBN tunnel barriers
represented via route A1-A2-A3. Improvement in the quality of graphene by encapsulating with thick-hBN
dielectrics from the top and bottom is denoted via route A1-B1-B2-B3-B4-A4, and by using different substrate
environments is denoted via route A1-C1-C2-C3-C4. In all the devices except A1, C1, and C2, hBN is used for
different purposes such as substrate (A3-A4, B1-B4, C3-C4), top-gate (B2-B4), and tunnel barrier (A2-A3, B4, C4).
Legends denote different materials used for fabricating the devices. These device geometries have been used in many
studies, for example, A1 in Refs.3,4,13–17,76,79,93,101,102,133,159,163,170–174, A2 in Refs.115–118,125,126, A3 in Refs.6,69,71,
A4 in Ref.68, B1 in Ref.5, B2 in Refs.49,50,84, B3 in Ref.82, C1 in Refs.28–32,35, C2 in Refs.26,27, C3 in Refs.48,52,140,
and B4 and C4 are the proposed new geometries.
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FIG. 3: Three-terminal I-V characterization of ferromagnetic contacts with a hBN tunnel barrier. I-V
characterization of the ferromagnetic contacts with mono, bi, and tri-layers (1L, 2L, and 3L, respectively) of
exfoliated-hBN tunnel barriers having thicknesses obtained from the atomic force microscopy (AFM) are 0.52 nm,
0.7 nm, and 1.2 nm, respectively. The inset shows the three-terminal differential contact resistance-area product
RcA as a function of the DC current bias I applied across the contact. Data for 1L-hBN is reproduced with
permission from Ref.69, ©2016 American Physical Society; 2L-hBN from Ref.71, ©2017 Nature Publishing Group;
and 3L-hBN from Ref.138.
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FIG. 4: Four-terminal non-local Hanle spin precession measurements using ferromagnetic contacts
with atomically thin layers of exfoliated-hBN tunnel barriers. Hanle signals ∆Rnl in (a), (b), and (c) are
measured in fully hBN encapsulated graphene devices with a thick bottom-hBN substrate and a top monolayer,
bilayer, and trilayer-hBN tunnel barriers, respectively, as a function of the magnetic field Bz applied perpendicular
to the plane of the spin injection. ∆Rnl(Bz) = (R
P
nl(Bz)−RAPnl (Bz))/2 where RP(AP)nl (Bz) is the non-local resistance
measured as a function of Bz when the relative magnetization of the injector and detector contacts is aligned in a
parallel, P(anti-parallel, AP) configuration. Solid lines represent the fits to the data using the one-dimensional
solution to the Bloch equation, and the corresponding fitting parameters Ds, τs, and λs (=
√
Dsτs) are given in each
figure. No bias applied for the measurement shown in (a). The applied injection current bias Iin values are given in
the legend for (b). Note that the sign reversal of the Hanle signal for the device with bilayer-hBN barrier is due to
the inverse spin injection polarization of the injector for negative bias. Hanle signal for the device with trilayer-hBN
is measured at Iin = +30 µA. Figure (a) is reproduced with permission from Ref.
69, ©2016 American Physical
Society; (b) from Ref.71, ©2017 Nature Publishing Group; and (c) from Ref.138.
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FIG. 5: Bias induced non-local spin signal and spin injection polarization using the ferromagnetic
contacts with bilayer-exfoliated-hBN, thick-layer-CVD-hBN, and two-layer-CVD-hBN tunnel
barriers. (Caption continued on the next page.)
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FIG. 5: Schematic of the device geometry for (a) a fully hBN encapsulated graphene with a bottom
thick-exfoliated-hBN substrate and a top bilayer-exfoliated-hBN tunnel barrier contacts, (b) graphene on a SiO2/Si
substrate with thick(1-3)-layer-CVD-hBN barrier contacts, and (c) a fully hBN encapsulated graphene with a
bottom thick-exfoliated-hBN substrate and a top two-layer-CVD-hBN barrier. For devices in (a) and (c), an AC
current i is applied across the injector contacts and the non-local voltage v is detected using the standard
low-frequency lock-in technique, and the non-local differential resistance Rnl = v/i is determined at each desired
value of a DC current bias Iin applied across the same injector contacts. For device in (b), pure DC measurements
were performed using a DC current source I and a DC voltmeter V where the non-local DC resistance is RNL = V/I.
The tunnel barrier in (a) is obtained by a mechanical cleaving of crystalline hBN flakes. The tunnel barrier in (b) is
as-grown by CVD, inhomogeneously, with a variation in thickness of 1-3 layers, whereas the barrier in (c) is made
by layer-by-layer stacking of two individual monolayers of CVD-hBN. Schematically, the inhomogeneity in as-grown
CVD-hBN in (b) is depicted by different thickness regions underneath the cobalt electrodes, and the non-crystalline
nature of two-layer-CVD-hBN in (c) is depicted by a slight vertical misalignment of atoms. (d), (e), and (f) show
the four-terminal non-local resistance Rnl measured in a spin valve configuration as a function of the magnetic field
By for the devices shown in (a), (b), and (c), respectively. The relative magnetization orientation of the cobalt
electrodes is denoted by the up (↑) and down (↓) arrows. (g) shows bias enhanced differential spin injection
polarization pin and non-local differential spin signal ∆Rnl = (R
P
nl −RAPnl )/2 (inset) as a function of the injection
current bias Iin (or, equivalent voltage bias Vin) for the device with bilayer-exfoliated-hBN tunnel barriers. (h) shows
non-local spin signal ∆RNL = R
P
NL −RAPNL and DC spin injection polarization Pin (inset) as a function of I and V ,
respectively, for the device with thick-CVD-hBN tunnel barriers. (i) shows ∆Rnl and pin as a function of Vin for the
device with two-layer-CVD-hBN tunnel barriers. Figures (d) and (g) are reproduced with permission from Ref.71,
©2017 Nature Publishing Group; (e) and (h) from Ref.118,©2016 Nature Publishing Group; (f) and (i) from Ref.6.
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FIG. 6: Bias induced differential spin-injection (pin) and detection (pd) polarizations of ferromagnetic
tunnel contacts with bilayer-exfoliated-hBN tunnel barrier, adopted from Ref.71. (a) shows pin for four
different injector contacts as a function of the DC voltage bias V applied across the injector. (b) shows pd for two
different detector contacts as a function of the DC voltage bias V applied across the detector while the injector
contacts were biased at Iin=+20 µA. Top x-axes in (a) and (b) represent the effective electric field (=V /t, thickness
of the bilayer-hBN t≈7 A˚) across the contacts. The insets show the polarizations at zero bias. Figures (a) and (b)
are reproduced with permission from Ref.71, ©2017 Nature Publishing Group.
AUTHOR SUBMITTED MANUSCRIPT - draft 20
-100 -50 0 50 100
0
50
100
150
µ = 0.9 m2/Vs
D
s
= 0.02 m2/s
 
 
λ- e
nc
(µ
m
)
I
dc
(µA)
 τ
s
=2 ns
 τ
s
=3 ns
 τ
s
=4 ns
(a) (b)
FIG. 7: Spin-relaxation and spin-drift in graphene-hBN heterostructures. (a) Investigation of spin
relaxation in a high mobility graphene on a hBN substrate. The possibility of the Elliott-Yafet (EY) and
D’yakonov-Perel’ (DP) mechanisms is explained by following the relation between τs and momentum relaxation time
τp,
ε2Fτp
τs
= ∆2EY +
(
4∆2DP
h¯2
)
ε2Fτ
2
p , where, εF is the Fermi energy, and ∆EY(DP) is the effective spin-orbit coupling
strength of EY(DP) mechanism, whose value is obtained from the linear fitting. The respective relaxation rates are
found to be of similar order of magnitude for both the EY and DP, indicating no clear dominance of either of the
mechanisms. (b) shows a strong modulation of the spin relaxation length as a function of the drift current in a high
mobility graphene spin transport channel that is encapsulated between the top and bottom-hBN dielectrics, by
considering the uncertainties in τs. Figure (a) is reproduced with permission from Ref.
5, ©2012 American Physical
Society; (b) from Ref.84, ©2015 American Chemical Society.
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FIG. 8: Large two-terminal spin valve and two-terminal Hanle spin precession signals in a fully hBN
encapsulated graphene with bilayer-hBN tunnel barrier. (a) Large inverted two-terminal differential
resistance R2t = v/i, measured in a spin valve measurement configuration, at two different DC current bias I values,
as a function of the magnetic field By applied along the easy-axes of the ferromagnetic cobalt electrodes. Inversion
of the two-terminal spin valve signal is due to the two contacts biased with opposite polarity. The inset shows a
schematic of the two-terminal spin valve measurement geometry. Vertical dashed lines represent the magnetization
switching fields of the two contacts. (b) Two-terminal Hanle spin signal ∆R2t = R
P
2t −RAP2t measured at DC current
bias I = +20 µA, as a function of the magnetic field Bz applied perpendicular to the plane of spin injection. The
inset shows the two-terminal differential resistance R
P(AP)
2t measured as a function of Bz when the relative
orientation of the magnetization of the contacts is aligned in parallel (P) and anti-parallel (AP) configurations.
Figure (a) is reproduced with permission from Ref.71, ©2017 Nature Publishing Group; (b) from Ref.138.
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